The treatment of glioblastoma is challenging for the clinician, due to its chemotherapeutic resistance. Recent findings suggest that targeting glioblastoma using anti-cancer natural polyphenols is a promising strategy. In this context, curcumin and berberine have been shown to have potent anti-cancer and anti-inflammatory effects against several malignancies. Due to the poor solubility and limited bioavailability, these compounds have limited efficacy for treating cancer. However, use of a formulation of curcumin with higher bioavailability or combining it with berberine as a co-treatment may be proving to be more efficacious against cancer. Recently, we demonstrated that solid lipid curcumin particles (SLCPs) provided more bioavailability and anti-cancer effects in cultured glioblastoma cells than did natural curcumin. Interestingly, a combination of curcumin and berberine has proven to be more effective in inhibiting growth and proliferation of cancer in the liver, breast, lung, bone and blood. However, the effect of combining these drugs for treating glioblastoma, especially with respect to its effect on activating the PI3K/Akt/mTOR pathways has not been studied. Therefore, we decided to assess the co-treatment effects of these drugs on two different glioblastoma cell lines (U-87MG and U-251MG) and neuroblastoma cell lines (SH-SY5Y) derived from human tissue. In this study, we compared single and combination (1:5) treatment of SLCP (20 μM) and berberine (100 μM) on measures of cell viability, cell death markers, levels of c-Myc and p53, along with biomarkers of the PI3K/Akt/mTOR pathways after 24-48 h of incubation. We found that co-treatment of SLCP and berberine produced more glioblastoma cell death, more DNA fragmentation, and significantly decreased ATP levels and reduced mitochondrial membrane potential than did single treatments in both glioblastoma cells lines. In addition, we observed that co-treatment inhibited the PI3K/Akt/ mTOR pathway more efficiently than their single treatments. Our study suggests that PLOS ONE | https://doi.
fresh EMEM or DMEM: F12K and antibiotics, but without growth factors, depending on the experimental setup. For Western blot techniques, cells were grown on 60-mm Petri plates in EMEM, or DMEM: F12K without growth factors.
Treatment of SLCP and Berberine
Because Cur and or BBR have greater solubility in methanol [28, 37] , both were dissolved in pure methanol (100%) and then diluted in Hank's balanced salt solution (HBSS) to obtain their desired concentration before being added to the 96-well plate, glass cover slips or Petridishes containing the cells. The final methanol concentration was <0.1%. After performing a dose response study, the final concentrations chosen were 20 μM for SLCP and 100 μM for BBR, whereas combination treatment of SLCP and BBR was 1:5 (20 μM +100 μM). All the cell lines were treated with these two drugs for 24-48 h for cell viability, cell death and for immunocytochemistry assays, whereas for Western blots, cells were treated for 24 h.
Cell viability by MTT assay
A cell viability test was performed using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, as described previously [35, 38, 39] . The cells were treated with different concentrations of SLCP (in μM: 5, 10, 20 and 40) and BBR (in μM: 50, 100, 150 and 200) for 24 h. After standardization of toxicity levels, 20 μM of SLCP, and 100 μM of BBR and their combination (1:5) were used for all experiments with 24-h exposure. Based on the cell viability data, we observed that in the case of SLCP, after the concentration of SLCP was increased above 20 μM, we observed cell death. Similarly, for berberine, concentrations above 100 μM did not result in further cell death. Therefore, we decided to use 20 μM of SLCP and 100 μM of berberine (1:5) . The optical density was measured at 570 nm using a Synergy plate reader (Bio-TEK instruments, Winooski, VT). The results of the five independent experiments (6 wells per condition) were normalized to the medium control group and expressed as mean ± SEM.
Cell Proliferation assay
Cell proliferation was assayed using a CyQUANT1 NF Cell Proliferation Assay Kit to provide an accurate and simple measure of cell number. The assay is based on the incorporation of thymidine analogs, such as 3H thymidine or bromodeoxyuridine (BrdU) during DNA synthesis, or on measurement of metabolic activity indices, such as oxidoreductase activity or ATP levels. It measures the cellular DNA content via fluorescent dye binding, which is closely proportional to cell number. The protocol was followed as per the manufacturer's instruction. Briefly, after plating the cells overnight in EMEM, treatments with SLCP, BBR or their combination were applied 24 h. On the next day, the growth medium was gentley aspirated, and 100 μL of 1X dye binding solution [22 μL of CyQUANT NF dye reagent (Component A) was added to 11 mL of 1X HBSS buffer], which, in turn, was added to each well and allowed to incubate for 60 minutes at 37˚C in the dark. The fluorescence intensity was measured from each sample using a fluorescence microplate reader (Bio-TEK instruments, Winooski, VT) with excitation at~485 nm and emission detection at~530 nm. The mean fluorescent intensity (arbitrary unit, AU) from the three independent experiments (6 wells per condition) were normalized to the medium control group and expressed as mean ± SEM. In addition, cells were also imaged using a fluorescent microscope (Leica, Germany) with appropriate filters.
DNA fragmentation study by TUNEL staining
DNA fragmentation was performed using an In Situ BrdU-Red DNA Fragmentation (TUNEL) Assay Kit, as per manufacturer instructions [35, 38] . Briefly, U-87MG and U-251MG cells were grown on coverslips overnight in EMEM, without any growth factors, and were treated then with SLCP (20 μM), BBR (100 μM) or their combination (1-part SLCP to 5 parts BBR) for 48 h. Following treatment, the cells were fixed with 4% paraformaldehyde for 15 min, and then TUNEL staining was performed, as described previously [35, 38] . Finally, the cells were counter-stained with Hoechst 3342 or DAPI for 10 min at room temperature. Images were taken using a fluorescent microscope (Leica, Germany), with appropriate filters (excitation/emission: 488/576). The red fluorescent signal indicated TUNEL-positive cells. The number of total cells and TUNEL-positive cells were counted by two individual researchers and expressed as a percentage of TUNEL-positive cells. More than fifty microscopic fields were randomly selected for counting the number of TUNEL-positive cells from two independent experimental setups and these were used to obtain a mean value.
Annexin-V staining for apoptotic cell death
The Annexin-V staining was performed, as described previously [28, 35, 40] . Briefly, the U-87MG cells were treated with SLCP (20 μM), BBR (100 μM) or their combination (using this 1:5 ratio) for 24 h and then annexin-V-FITC staining was performed, along with counterstaining with Hoescst-3224 (1μg/ml) [35] . The total number of cells and the number of annexin-V-positive cells (green) were counted per microscopic field and expressed as a percentage of dead cells. Approximately 30 microscopic fields (~5000 total cells) from two independent experimental setups were used for counting.
Single-cell gel electrophoresis (SCGE) or comet assay
The comet assay was performed to measure the degree of DNA strand breaks, as described previously [41] [42] [43] . The detail protocol for SCGE was described by us previously [28] .
JC-1 stain and confocal imaging
JC-1, a membrane permeable fluorescent dye which is widely used for monitoring mitochondrial health and cell death. It is considered as a good indicator of mitochondrial membrane potential (MMP) in neurons, as well as in intact tissues and isolated mitochondria. This dye accumulates in mitochondria with potential-dependent, which can be monitored by flow cytometry or by fluorescent microscopic imaging. JC-1 staining protocol was followed as per manufacture instruction. Briefly, U-87MG and U-251MG were grown overnight on poly-Dlysine coated glass cover slips in EMEM (1x10 5 /ml) without growth factors. On the next day, the cells were treated with SLCP, BBR, and their combination (1-part SLCP to 5 parts BBR). After 24 h of the drug treatment, the media was discarded, the cells were washed with Dulbecco's phosphate buffer saline (DPBS) and incubated with JC-1 dye (dissolved in DMSO, to a final concentration of 2 μM) at 37˚C, in 5% CO 2 , for 15 to 30 minutes. The cells were washed in warm DPBS three times and then fixed with 4% paraformaldehyde solution for 10 min. After fixation, the cells were washed with PBS two times, followed by counter-staining with DAPI for 10 min at room temperature on a shaker in the dark. The cells were washed with distileed water and dehydrated, mounted, and visualized using a confocal laser scanning microscope with a 60x objective at three times optical zoom (total magnification: 1800x) using appropriate excitation/emission filters. Fifteen to twenty randomly selected microscopic images were randomly selected from each group of samples from three independent experiments and the number of clearly visible mitochondria (red dots) were counted manually from 10-15 cells in each group and expressed as mean ± SEM.
Detection of reactive oxygen species (ROS)
Intracellular accumulation of ROS was detected by 2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA), using a CellRox assay, as described previously [7, 28, 35, 44] . The presence of green fluorescent signal indicated ROS levels and use of CellROX dyes provided a conventional probe for measuring oxidative stress. Total fluorescent intensity (AU) of individual cells was measured using Image-J software (https://imagej.nih.gov/ij/), and at least 200-300 cells were randomly selected from two independent experiments to obtain a mean value.
Immunocytochemistry
Immunocytochemistry of anti-caspase-3, p53, and c-Myc were performed as described previously [28, 35] .
DNA gel electrophoresis
DNA gel electrophoresis was performed to measure the DNA fragmentation, as described previously [28, 45] .
Western blot
To investigate the different protein markers related to cell survival, cell death and other signaling pathways, Western blots were performed as described previously [28, 35] . Briefly, after the stipulated period of time for each experiment, the U-87MG and U-251MG cells were lysed with cold radioimmuno-precipitation assay (RIPA) buffer, along with protease inhibitor cocktail (Sigma). Equal amounts of protein were loaded in each lane and electrophoresed on 4-20% Tris-glycine gel and transferred to PVDF membrane. After probing with respective primary ( Table 1 ) and secondary antibodies, the blots were developed with Immobilon TM Western Chemiluminescent HRP-substrate. The relative optical density (OD) was measured using Image-J software (https://imagej.nih.gov/ij/). To ensure equal protein loading in each lane, the blots were re-probed with either β-tubulin or GAPDH. The values were expressed as mean ± SEM from at least two independent experiments.
Statistical analysis
The measures for cell viability, cell death, immunofluorescent intensity, Western blots and other parameters were expressed as a mean ± SEM. The data were analyzed using one-way analysis of variance (ANOVA), followed by post-hoc Tukey HSD (honestly significant difference) tests (https://astatsa.com/OneWay_Anova_with_TukeyHSD). Probability �0.05 was considered as statistically significant.
Results

Combination treatment with SLCPs and BBR reduced cell viability more in U-87MG and U-251MG cells than either SLCP or BBR alone
To compare the cell death caused by SLCP + BBR and their single treatment, we performed an MTT reduction assay with different doses of SLCP (5-, 10-, 20-and 40-μM) and BBR (50-, 100-, 150-and 200-μM) and their combination (at the 1:5 ratio) for 24 h. We found that SLCP +BBR induced~50% cell death, whereas SLCP induced~32% cell death and BBR induced ~40% cell death after 24h in U-87MG cells (Fig 1A and 1B) . In the case of U-251MG cells, cell death was 42% in the presence of SLCP+BBR, 25% in the presence of SLCP and 35% in the presence of BBR (Fig 1A and 1C) . In contrast, we found~10-15% reduction of cell viability in the case of N2a cells after co-treatment of SLCP (20 μM) and BBR (100 μM), and 19% cell death in the case of SLCP+BBR-treated SH-SY5Y cells (Fig 1D and 1E) . In human neuroblastoma cells (SH-SY5Y), BBR (100 μM) caused a 10% increase in cell death and SLCP+BBRtreated cells showed 38% reduction of cell viability, without evidence of toxicity in the case of SLCP-treated SH-SY5Y cells (Fig 1E) .
Combination treatment of SLCP and BBR reduced cell proliferation in U-87MG and U-251MG cell lines more than their individual treatments
Cell proliferation assays were performed to provide an accurate and simple measure of cell number after treatment with different doses of SLCP, BBR or with SLCP+BBR (in a 1:5 ratio). The fluorescent intensity (arbitrary unit; AU) was significantly less in both SLCP-treated U-87MG cells (for 5 μM: 13.42%; 10 μM: 21.68%; 20 μM: 29.84%; 40 μM:32.48%); and BBRtreated U-87MG cells (50 μM: 1.76%; 100 μM:17.81%; 150 μM: 22.91%; and 200 μM: 24.25%) as compared to the vehicle treatment. Furthermore, fluorescent intensity was decreased by 32.47% (p<0.01) in SLCP+BBR (20 μM +100 μM)-treated U-87MG cells compared to the vehicle (Fig 2A and 2B) . Similarly, the fluorescent intensity (AU) was significantly reduced in U-251MG cells in the case of SLCP-(for 5 μM: +4.20%; 10 μM: 19.29%; 20 μM: 46.19%; and 40 μM:49.96%) and BBR-(50 μM: 30.02%; 100 μM: 33.12%; 150 μM: 44.37%; and 200 μM: 56.15%) treated cells. Additionally, fluorescent intensity was decreased by 56.01% (p<0.01) in the SLCP+BBR-(20 μM +100 μM) treated U-87MG cells (Fig 2A and 2C ).
Combination treatment of SLCP and BBR increased DNA fragmentation in U-87MG and U-251MG cell lines more than individual treatments
In situ BrdU-Red DNA fragmentation assays, also known as terminal deoxyribonucleic acid nick-end labeling (TUNEL), were performed to investigate the number of DNA fragmented cells after treatment with SLCP, or BBR, or their combination. We found an increased number of TUNEL-positive U-87MG cells in the case of SLCP-treated (22.30%; p<0.01) and BBRtreated cells (26%; p<0.01) in comparison to untreated cells after 24 h. Furthermore, SLCP +BBR-treated cells showed 47% (p<0.001) TUNEL-positive cells in U-87MG cells (Fig 3A  and 3C) . Similar trends were observed in U-251MG cells. SLCP treatment showed a 32.45% (p<0.001) increase in TUNEL-positive cells, while BBR treatment caused a 24.70% (p<0.001) increase and SLCP+BBR produced a 38.86% (p<0.001) increase in TUNEL-positive cells after 48 h of treatment (Fig 3B and 3D ).
Combination treatments of SLCP and BBR increased the amount of Annexin-V-positive labeling in U-87MG and U-251MG cells more than did individual treatments
We performed Annexin-V staining to quantify apoptotic cell death as a marker of increased efficacy of SLCP+BBR treatments as compared to the individual drug treatments. We observed an increased number of Annexin-V-positive U-87MG cells in the case of SLCP-treated (32.33%; p<0.001) and BBR-treated cells (34.06%; p<0.001) in comparison to untreated cells after 24 h, whereas SLCP+BBR-treated cells showed a 55.87% (p<0.001) increase in Annexin-V-positive U-87MG cells (Fig 4A and 4C) . Similarly, in the case of U-251MG cells, SLCP treatments caused a 30.44% (p<0.001) increase in Annexin-V-positive labeling, while BBR produced a 31.06% (p<0.001) increase and SLCP+BBR treatments induced a 57.42% (p<0.001) Annexin-V-positive labeling after 24 h of treatments (Fig 4A and 4C) . To corelate the cell death, we also performed LDH release assay in U-87MG cells after treatment with SLCP and or BBR or their combination for 48h. We observed that co-treatment of SLCP and BBR increased more cytotoxicity (307.07%) in comparison to SLCP (291.45%) and or BBR (237.29%) alone (Fig 4D) .
Combination treatment of SLCP and BBR induced more cometpositive cells and increased nuclear lobe formation in U-87MG cells than than did individual treatmkents of either SLCP or BBR
DNA fragmentation is an important phenomenon observed in cell death and the comet assay is the gold standard method for quantifying the degree of DNA fragmentation in vitro. Significantly more comet-positive cells were observed in SLCP+BBR-treated cells after 24-and 48-h than in SLCP-or BBR-treated cells (SLCP: 34.00%; BBR: 37.88%; SLCP+BBR: 51.04%; p<0.001) (Fig 5A-5C ). All three treatments had more comet-positive cells in comparison to the vehicle-treated control U-87-MG cells (Fig 5A-5C) . A similar trend was observed after 48 Cell proliferation was decreased more by combination treatment of SLCP and BBR than individual treatments. U-87MG and U-251MG cells were grown in EMEM and 1% pen/strep for 24 h and then treated with either SLCP (20 μM), or BBR (100 μM) or their combination for 24 h, after at which a cell proliferation assay was performed. A: Immunofluorescent signal was decreased in a dose-depend fashion in U-87Mg cells after reatment with SLCP and BBR. Note that combination treatment (right image) caused a greater decrease in the immunofluorescent signal than did the single treatment (p<0.01). B-C: Both U-87MG and U-251MG cells showed a significant decrease in immunofluorescent intensity (arbitrary unit) after treatment with SLCP and BBR. Scale bar indicates 250 μm and is applicable to all images. � p < .05 and �� p<0.01 in comparison to vehicle-treated cells.
https://doi.org/10.1371/journal.pone.0225660.g002 h of drug treatment (SLCP: 43.21%; BBR: 41.22%; SLCP+BBR: 60.72%; p<0.001) (Fig 5A-5C ). Furthermore, to observe the nuclear morphology, we stained the cells with propidium iodide and Hoechst-33342. We observed a significant increase in the number of nuclear lobes in the SLCP+BBR-treated U-87MG cells than in SLCP-or BBR-treated cells after 48 h (p<0.05) (Fig 5C and 5D ). In addition, we isolated the genomic DNA after the treatment of these drugs and observed smeared bands in drug-treated groups with~1000-base-pair small DNA fragments in comparison to the vehicle-treated control U-87MG cells (Fig 5E) . However, we did not observe any significant differences in DNA fragmented bands in either the cotreated and single drug-treated cells.
Combination treatment of SLCP and or BBR reduced mitochondrial markers and ATP levels in both GB cell lines more than did individual SLCP-or BBR-treatments
Decreases in mitochondrial membrane potential and ATP levels are critical signs of cell death. We measured mitochondrial health by staining both GB cell lines with JC-1, whereas ATP levels were measured by Glo-assays. We found significant decreases in the number of mitochondria (SLCP: 49.66%; BBR: 31.85%; SLCP+BBR: 75.87%) and the MMP in all the drug-treated cells, but a greater decrease was observed in the case of SLCP+BBR-treated groups ( and 6B). In addition, we performed Glo-assays, in which the luminescent signal is directly proportional to the level of available cellular ATP levels. We observed that the luminescent intensity (AU) was relatively less in the case of SLCP+BBR-treated cells in comparison to SLCP-or BBR-treated U-87MG cells (luminescent/ATP levels: SLCP = 11.77%/11.89%; BBR = 36.81%/ 37.18% and SLCP+BBR = 90.57%/91.48%) (Fig 6C and 6E) . Furthermore, in the case of U-251MG cells, the luminescence and ATP levels showed similar trends to what was observed in the U-87MG cells. However, the percent change was less in the case of U-251MG cells compared to U-87MG cells (luminescent/ATP levels: SLCP = 11.84%/12.76%; BBR = 15.72%/ 16.95%; and SLCP+BBR = 8.00%/40.95%) (Fig 6D and 6F ).
Reactive oxygen species (ROS) production was increased by combination of SLCP and BBR compared to individual treatments of SLCP or BBR
To investigate the cause of cell death after treatment with SLCP, BBR and their combination, we measured the ROS levels using the CellROX oxidative stress reagent. We observed that the ROS levels increased more in combination treatment of U-87MG cells as compared to individual treatment with SLCP or BBR (SLCP: 52.45%; BBR: 83.38%; and SLCP+BBR: 147.74%) (Fig 7A and 7B). Similar phenomena were observed in U-251MG cells (SLCP: 28.87%; BBR: 39.72%; and SLCP+BBR: 48.51%) (Fig 7A and 7C) . However, the degree of ROS production was less in U-251MG cells.
Combination treatment increased cell death markers and reduced cell survival markers more than individual treatments with either SLCP or BBR
We studied the cell death and cell survival markers from U-87MG and U-251MG cells after treatment with SLCP, BBR and their combination, to investigate the cell death mechanism. Our Western blot data (Fig 8A-8E) revealed that there was a stronger effect of the combined SLCP and BBR treatment on the levels of Bax (Fig 8B) , Cyt-c (Fig 8D) and cleaved caspase-3 (Fig 8E) in both U-87MG and U-251MG cells. In contrast, Bcl 2 (Fig 8C) levels were significantly lower (p<0.05) in SLCP+BBR-treated cells in comparison to individual treatments of SLCP or BBR. Similarly, immunofluorescence intensity of cleaved caspase-3 (Fig 8F and 8G) in U-87MG cells showed a greater increase in active caspase-3 in the SLCP+BBR-treated (p<0.01) cells in comparison to SLCP-or BBR-treated cells (SLCP: 86.26%; BBR: 73.44%; and SLCP+BBR: 205.63%).
p53 and c-Myc levels in U-87MG and U-251MG cells were modulated more by combination treatments than by single treatments
Western blot analysis from U-87MG cells revealed that c-Myc was significantly decreased by SLCP, BBR and SLCP+BBR treatment, but no significant differences were observed between treatment groups (Fig 9A and 9B) . Although no major differences in c-Myc levels in U-251MG cells were observed, the p53 levels were significantly increased by SLCP+BBR-treated cells in U-87MG cells, in comparison to what was observed in SLCP or BBR-treated cells. In addition, our immunofluorescence data from U-87MG cells showed that c-Myc immunoreactivity was significantly decrease by SLCP+BBR-treated cells related to that in either SLCP-and or BBR-treated cells (SLCP: 23.95%; BBR: 40.52%; and SLCP+BBR: 58.25%) (Fig 9D and 9E) . In addition, p53 immunoreactivity was significantly increased in cells given combination treatments, relative to their single-treatment counterparts (SLCP: 14.01%; BBR: 34.22%; and SLCP +BBR: 51.71%) (Fig 9D and 9E) . 
Combination treatment of SLCP and BBR inhibited the PI3K/Akt/ mTOR pathway in U-87MG and U-251MG cell lines more efficiently than did single treatments
The PI3K/Akt/mTOR pathways play a pivotal role in GB growth and proliferation. Our Western blots analyses showed that p-Akt (In U-87MG cells: SLCP = 19.31%; BBR = 26.19%; and SLCP+BBR = 70.71% and for U-251MG cells: SLCP = 19.20%; BBR = 52.34%; and SLCP+-BBR = 89.91%) and total Akt (In U-87MG cells: SLCP = 19.44%; BBR = 31.40%; and SLCP+-BBR = 45.55% and for U-251 cells: SLCP = 27.76%; BBR = 18.66%; and SLCP+BBR = 33.63%) were significantly downregulated more for SLCP+BBR-treated cells than for SLCP-or BBRtreated cells (Fig 9A-9C) .
Similarly, p-PI3Kp85 was significantly reduced in both the GB cell lines after treatment with SLCP or BBR. However, a greater decrease was noted in the case of co-treatment (in U-87MG cells: SLCP = 33.38%; BBR = 26.11%; and SLCP+BBR = 84.50% and for U-251MG cells: SLCP = 42.84%; BBR = 47.63%; SLCP+BBR = 42.04%). Total PI3Kp85 (in U-87MG cells: SLCP = 33.38%; BBR = 26.11%; and SLCP+BBR = 53.85%) was also reduced more in cotreated cells than in their single-treated in U-87MG cells. However, we did not observe such changes in the case of U-251MG cells (SLCP = 14.41%; BBR = 9.42%; and SLCP+BBR = 4.56%) (Fig 9A, 9D and 9E) .
In addition, we have also investigated the total mTOR and p-mTOR levels after treatments with SLCP or BBR and their combination. Our Western blot analysis showed that total mTOR levels were significantly decreased in SLCP+BBR-treated cells more than in their single treatment counterparts in both GB cell lines [in U-87MG cells: SLCP = 18.86%; BBR = 25.55%; and https://doi.org/10.1371/journal.pone.0225660.g007 SLCP+BBR = 42.61% and for U-251 cells, in which SLCP (34.99%) and BBR (42.37%) showed increases, but SLCP+BBR did not (61.53%)] (Fig 10A and 10F) . Similarly, we also observed more significant decreases in levels of p-mTOR after co-treatment than with either SLCPor BBR-treatments in U-87MG cells (in U-87MG cells: and SLCP = 27.30%; BBR = 62.21%; SLCP + BBR = 73.42%). Although the mTOR levels were lower in SLCP-or BBR-treated or co-treated U-251MG cells in comparison to vehicle-treated cells, we did not observe differences between co-treatment and SLCP and or co-treatment and BBR-treated cells (SLCP = 21.12%; BBR = 54.77%; SLCP+BBR = 52.59%) (Fig 10A and 10G) .
Discussion
Targeting glioblastoma using natural polyphenols is a promising strategy due to their anti-cancer and anti-inflammatory properties [46] [47] [48] . Curcumin (Cur) and berberine (BBR) have been shown to be potent anti-carcinogenic natural compounds for several types of cancer [17, 29, 49] . In the present study, we have compared the synergistic, anti-cancer effects of permeable, solid-lipid Cur particles (SLCP) and BBR on two different GB cell lines that were derived from human tissue (U-87MG and U-251MG). We found that co-treatment of SLCP and BBR induced more DNA fragmented cells, increased reactive oxygen species (ROS), induced mitochondrial dysfunction, reduced the number of mitochondria per cell, significantly declined of ATP levels, induced more cell death markers, increased apoptotic death and inhibited the Combination treatment decreased PI3K/Akt/mTOR pathways more efficiently than SLCP or BBR treatments alone. U-87MG and U-251MG cells were grown in EMEM and 1% pen/strep for 24 h and then the cells were treated with either SLCP (20 μM) or BBR (100 μM) or their combination (in this 1:5 ratio) for 24 h and then cells were extracted, and Western blots were performed and probed with different antibodies. A-F: Western blot data showed that SLCP+BBR inhibited the PI3K/Akt/mTOR pathways more efficiently than either SLCP-or BBR-treated cells. � p<0.05, �� p<0.01 and ��� p<0.001.
https://doi.org/10.1371/journal.pone.0225660.g010 PI3K/Akt/mTOR pathway more efficiently than either single treatment. Overall, our data demonstrated that the co-treatment of SLCP and BBR are more potent to kill cultured GB cells than either single treatment.
The major limitation of FDA-approved chemotherapeutics, such as temozolomide (TMZ), in treating GB is that it induces neuroinflammation, and develops clinically significant toxicity [50] . In addition, GB becomes resistant to TMZ following its repeated use [51, 52] . To overcome these issues, the combined treatment of anti-cancer, as well as anti-inflammatory drugs could be a better candidate to prevent GB growth and proliferation. Recent experimental evidence suggest that natural anti-cancer agents could be used as a promising strategy to reduce inflammation, prevent tumor invasion and metastasis [46] [47] [48] . In this context, Cur and BBR have exhibited potent anti-cancer activities in several malignancies, including breast cancer [29] , colon, and brain tumors [1, 25] . However, due to the poor solubility and less chemical stability in different body fluids, the anti-cancer capacity of either Cur [53] or BBR [54] as individual treatments is limited. We have been using a lipid formula of Cur (SLCP) to increase Cur stability and bioavailability [35, [55] [56] [57] . Recently, we have shown the greater anti-cancer activities and induction of autophagy by SLCP in cultured GB cells than what is observed with natural Cur [28, 58] , reducing the amount of Cur needed to be effective [53] . Given the efficacy of both SLCP and BBR, especially when given together, in reducing other types of cancers, we hypothesized that the combination of SLCP and BBR would have similar additive effects against GB [29] . In this context, Liu and colleagues reported that BBR induces senescence of human GB cells by downregulating the EGFR-MEK-ERK signaling pathway [59] . Similarly, the synergistic chemopreventive effects of Cur and BBR have been reported by Wang and colleagues on human breast cancer cells [29] . In addition, Balakrishna and colleagues also observed a synergetic anti-cancer activity of BBR and Cur on different cancer cells, such as liver, breast, lung, bone, glioma, and leukemia cell lines [25, 30] . Another study conducted by Yin and colleague reported that Cur sensitizes GB to TMZ by simultaneously generating ROS and disrupting AKT/mTOR signaling [7] . These findings prompted us to investigate the potential co-treatment effects of Cur and BBR against GB.
In the present study, we have compared the mechanism of cell death by investigating the PI3K/Akt/mTOR pathway after single or co-treatment of SLCP and BBR in two different GB cell lines (U-87MG and U-251MG) derived from human tissue. We have performed several cell viability and cell death assays to confirm their synergistic anti-cancer effects. After performing dose-response studies with SLCP and BBR, we decided to use a one-parts of SLCP and five-parts of BBR for further experiments; because 20 μM of SLCP and 100 μM of BBR showed optimum cell death (Fig 1) . Further, to assess whether SLCP or BBR selectively induced GB cell death without affecting neuronal death, human neuroblastoma (SH-SY5Y) and mouse neuroblastoma (N2a) cells were treated with the same concentrations of SLCP (20 μM), and BBR (100 μM) and their combination (1:5 ratio). We observed only 5-10% cell death in both SLCP and or BBR treated cells, indicating Cur and BBR had a minimal effect on neuroblastoma. The co-treatment in N2a caused a 10-20% cell death (Fig 1D) , whereas the co-treatment group in SH-SY5Y produced around 30-40% cells death, indicating combination treatment can have toxic effects on human neuroblastoma (Fig 1E) , but in a different manner than observed in GB cell death, suggesting that the mechanisms are probably different as well [8, [60] [61] [62] . The cell viability (MTT assay) and cell death (LDH assay) data confirmed that cotreatment of SLCP and BBR has greater toxic effects on U-87MG and U-251MG cells (Fig 1) than either single treatment, as reported previously [29, 30] . In addition, we have also performed cell proliferation assays after separate and co-treatments of these drugs, and our results clearly show greater inhibition of cell proliferation in the case of co-treated cells (Fig 2) , indicating an additive effect of these drugs on GB proliferation, as reported by other investigators, using, in different cancer cells [29, 30] .
To understand the type of cell death, we have performed TUNEL and Annexin-V staining, which identifies the DNA-fragmented cells and apoptotic death, respectively [63] . We found many more TUNEL-positive cells in the case of the co-treatment group in both U-87MG and U-251MG cells (Fig 3) , which correlated with our MTT, LDH, and cell proliferation assays data (Figs 1 and 2) . Further, to confirm the mode of cell death, we performed Annexin-V staining, and found more Annexin-V positive cells in the co-treatment group (Fig 4) for both lines of GB cells, which correlates with the TUNEL staining data (Fig 3) . We have used Annexin-V-FITC staining kit to detect apoptotic death which produce green fluorescent signal, whereas both BBR and SLCP treatment also might produce green fluorescent signal which could interefere with Annexin-V staining. Therefore, we imaged the cells exactly same way after treatment with BBR and SLCP. We observed a weak green signal produced by BBR and or SLCP (Fig 4E) , however the green fluorescent signal produced by BBR and or SLCP was negligible in comparison to Annexin-V positive cells. Although Annexin-V with red fluorescen dye might be used to visualize apoptotic cells more efficiently than does Annexin-V-FITC after SLCP or BBR treatment.
The current study also investigated the morphology of nuclei using three different dyes: propidium iodide (PI), Hoechst-33342 and DAPI; the number of fragmented nuclear lobes were counted. We found that the co-treatment group showed more nuclear lobe formation in comparison to SLCP-or BBR-treated cells after 24 h (Fig 5) , which, again, confirms that cotreatment induces greater nuclear damage than individual treatments of those drugs. Furthermore, we also performed comet assays, a gold standard for the studying the degree of DNA fragmentation in vitro [64] . More comet positive cells were observed in both GB cell lines in the case of the co-treatment group (Fig 6) , which correlated with the TUNEL staining data. These data, again, confirmed the greater induction of cell death by combination therapy than by individual SLCP or BBR treatments. Although we did not analyze the head and tail fluorescent intensity, fragmented DNA tail length and tail-moment length gave a full profile of the degree of DNA fragmentation after drug treatment. However, the number of comet-positive cells correlated with TUNEL-positive and with Annexin-V cells in both the GB cell lines. This indicates that the combination treatment is more efficient in damaging the DNA than what is observed with single treatments. In addition, we performed DNA gel electrophoresis after 24 h of SLCP and or BBR and their co-treatment in U-87MG cells. We observed smeary, fragmented DNA bands (Fig 5E) , which confirmed that both the drugs induced DNA fragmentation in GB cells.
Many events and signaling pathways are involved in DNA fragmentation and apoptosis following treatments with SLCP, BBR or their co-treatment (S1 Fig). One of the key events is mitochondrial damage. Due to its crucial role in cell death, mitochondrial damage has recently been characterized as the "motor of cell death". We tried to correlate apoptosis with mitochondrial bioenergetic signaling following treatment with SLCP or BBR. For example, we have investigated mitochondrial health by performing JC-1 staining, an indicator of mitochondrial membrane potential (MMP) [65] . JC-1 is more specific for MMP and more consistent in its response to depolarization than classical mitochondrial dyes, such as DiOC6(3) and rhodamine 123 [66] . The ratio of green to red fluorescence of JC-1 depends on MMP and not on mitochondrial size, shape, and density [65] . Therefore, decrease in the red fluorescence signal indicated mitochondrial degeneration or cell death which we observed after treatment with SLCP and BBR (Fig 6A and 6B) . Further, decreases in mitochondrial number (Fig 6G) in the treatment groups indicate that these drugs exerted deleterious effects on mitochondrial survivability, suggesting overall poor health of the mitochondria. Similarly, we also performed Glo-assays, which measure the cellular ATP levels. We clearly observed a larger decrease in the number of mitochondria and mitochondrial function in the co-treatment groups (Fig 6C-6F) , in comparison to single treatments of SLCP or BBR, suggesting an additive deleterious effect on mitochondria. We also investigated the probable causes of mitochondrial degeneration and decreased levels of ATP after Cur and or BBR treatment. Increased levels of ROS is a major causative factor in cell death after treatment with anti-cancer drugs. Therefore, we measured the total ROS levels after treatment with SLCP, BBR, and their combination [7, 9] , and we observed that co-treatment induced greater levels of ROS (Fig 7) . However, several biochemical techniques are available to detect different species of ROS. Increased levels of ROS involve releasing cell death markers from the mitochondria, such as what occurs when using apoptotic-inducing factor (AIF), Bax and Cyto-c; it also activates caspase-3 [67] . For example, we observed a significant upregulation of Bax, Cyt-c and active caspase-3 levels in co-treated GB cell lines, compared to what was observed following single treatments, suggesting that the combination treatment has stronger effects on cell death and mitochondrial degeneration. In contrast, downregulation of the Bcl 2 protein by co-treatment was observed, relative to individual treatments with SLCP or BBR, suggesting combination treatment can induce more apoptotic cell death than single treatments, which is supported by the work of other investigators [29, 30] . Therefore, decreases MMP and ATP levels caused by SLCP or BBR treatment may be due to an increased generation of ROS, which could initiate DNA fragmentation and apoptotic death (S1 Fig) .
Tumor suppressor genes, such as p53, as well as oncogenes, such as c-Myc, play important roles in regulating GB development. Downregulation of p53 increases the susceptibility for tumor formation, whereas its upregulation can prevent tumor formation [68] . When we treated GB cells with SLCP or BBR, we observed an increase in levels of p53, indicating antitumor activity, whereas co-treatment further upregulated p53 levels, indicating an even stronger effect on this protein (Fig 9A and 9B) . However, we observed levels of p53 in U-87MG cells were different from U-251MG cells. The discrepancy might be due to the way the total amount of protein was loaded. For example, in the case of U-251MG cells, the amount of loaded protein was one-third of the protein loaded by U-87MG cells. C-Myc is another oncogenic marker in cell [69] , and its activation leads to the upregulation of many genes which are involved in cell proliferation and cancer development [69] . We found a significant decline of c-Myc levels in SLCP-and BBR-treated U-87MG cells (Fig 9C and 9D) and their co-treatment decreased this level even more in the case of U-251MG cells (Fig 9C and 9D) , which, again, confirms that co-treatment of SLCP and BBR has greater anti-proliferative and anti-carcinogenic effects than individual treatments. Previously, we reported an increase in p53 and decrease in c-Myc in cultured GB cells after treatment with natural Cur and SLCP (25 μM), which was confirmed by the present findings [55] .
The mammalian target of rapamycin (mTOR), is a serine/threonine kinase of the PI3K (phosphoinositide 3-kinases)-related kinase family involve in cancer cell growth and cell survival [70] . These proteins have a strong links in the formation of the tumor microenvironment and drug resistance. Therefore, blocking this pathway can reduce proliferation, migration and survival of cancer cells [23] . Several natural compounds, such as BBR, resveratrol, Cur, quercetin and others, can modulate the mTOR pathway [49] . Vengoji and colleagues recently reported that BBR has anti-tumor effects through inhibition of the mTOR-signaling pathway and can induce senescence of human glioblastoma cells by downregulating the EGFR-MEK-ERK signaling pathway [41] . In another study, Wang and colleagues reported that BBR induced autophagy by inhibiting the AMPK/mTOR/ULK1 (Unc-51-like-autophagy-activating kinase) pathway [25] . Similarly, glucose uptake is also reduced by BBR, via inhibition glucose transporter 1 (GluT1), lactate dehydrogenase-A (LDH-A), and hexokinase-2 (HK-2) expression, which induces apoptosis and thus inhibits tumor growth and invasiveness [25] . BBR can also induce autophagy by activation of Beclin-1 and inhibition of mTOR signaling by suppressing the activity of Akt and up-regulating that of P38-MAPK signaling [35, 36] . Interestingly, synergistic anti-tumor activities of rapamycin and BBR have been observed in hepato-carcinoma cell lines [38] . Similarly, we and others have reported that Cur is a potent inhibitor for the PI3K/Akt/mTOR pathway in diverse types of cancers, including GB [28] . Therefore, we sought to further inhibit the PI3K/Akt/mTOR pathway by co-treatment of BBR and SLCP. Our Western blot data revealed that co-treatment of SLCP and BBR inhibited PI3K, Akt and mTOR and their phosphorylation levels more than their individual treatments (Fig 10) , suggesting that the co-treatment is more effective in blocking the PI3K/Akt/mTOR pathway and GB progression than using single treatments of these drugs. Although we found the synergistic anti-cancer effects of SLCP and BBR in cultured GB cell lines, the mechanistic details of GB growth, invasion, proliferation, malignancies, and metastasis in animal or human brain are much more complex than in GB cell culture models. Therefore, a more complete understanding of the mechanisms of both the individual and combined effects of SLCP-and BBR-induced GB cell death will require further experiments in animals to further confirm and optimize this therapeutic strategy prior to its clinical use.
Conclusions
Overall, we report that co-treatment of anti-cancer natural polyphenols, such as Cur and BBR, have higher inhibitory effects on GB growth and proliferation than do individual treatment. Both SLCP and BBR synergistically damage mitochondria and decreased ATP levels, along with inducing DNA fragmentation and apoptotic death in both GB cell lines than single treatment. The combination of SLCP and BBR increased ROS levels and induced cell-death markers greater than produced by single treatments with these drugs. Furthermore, co-treatment of SLCP and BBR effectively inhibited the PI3K/Akt/mTOR signaling pathway more than did treatments of SLCP or BBR alone. Taken together, our findings suggest that co-treatment of SLCP and BBR may be a promising therapy for GB. 
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